Ultrasonic guided waves are widely used for non-destructive testing of composite objects. Low frequency guided waves propagate long distances, so they can be used in structural health monitoring systems. However, in order to increase efficiency of guided waves usage in structural health monitoring systems, deep analysis of the measured signals is required. Usually non-destructive testing systems exploit the signals measured different positions of the object under investigation. In structural health monitoring systems the amount of measurement positions is limited and analysis of guided wave signals is more complicated.
Introduction
Structural health monitoring (SHM) systems are one of the most promising damage detection and characterization strategies for engineering components. It helps to improve the safety, reliability and durability of various critical structures, by combining an array of embedded transducers for capturing data during the measurements. There are five most common techniques used for implementation of SHM systems [1] [2] [3] [4] [5] . One of the most promising of them is based on excitation and reception of ultrasonic guided waves (GW) and measurement of their parameters.
However the implementation of SHM systems, based on guided waves, faces a lot of problems which are related to complicated analysis of the signals captured from the object under investigation. Such analysis is complicated due to multiple reflections and mode conversion of ultrasonic guided waves. Also, the wave parameters are related to the environmental conditions of the object under investigation. In order to increase the efficiency of a guided wave usage in SHM systems, deep analysis of measured signals is required.
The purpose of this work was to carry out the load test on the composite object sample, to investigate how a load affects the guided wave propagation and to determine if the arising defect could be detected during the load variations.
Set-up of the experiments
The load test has been carried out on the 7.4 mm thickness, 16-ply [0°/90°] GFRP plate. The dimensions of the plate are 1300 mm x 1000 mm. The load bending the surface of the object under investigation was used. For excitation and reception of guided wave signals the MFC transducers (micro fiber composite) were used. The dimensions of the transducer are 28x14 mm. The transducers were attached to the plate using two side sticky tape. Totally 12 MFC transducers were used. For data acquisition the Teletest system was used. The general view of the GFRP plate with attached transducers is presented in Fig. 1 . The investigation was performed by following order: during the measurements only one of the transducers was activated (transmitter) and the signals of all the rest MFC receivers (totally 12) were recorded. The transducers were excited using a single pulse corresponding to 45kHz frequency. As transmitters, the 6 transducers with numbers 1,3,4,5,9,10 were used (Fig. 2.) . So, at each load condition totally 12*6=72 signals were recorded. The accurate positions of GW transducers and excitation order of the MFC transmitters is presented in Table 1 . The time diagram of the load experiment is presented in Fig. 3 . After one hour from the experiment start there was time brake during which the load was taken out. By red dots the time instants at which the guided wave signals were measured are denoted. Totally, there were 12 guided wave measurement sessions. The deformation of the GFRP plate under the biggest load (6500N) can be seen in Fig. 4 . 
Analysis of the waveforms of the signals
The example of the waveform of the measured GW signal is presented in Fig. 5 . The signal was measured between the 9 th and the 7 th transducers (9 th was the transmitter, 7 th was the receiver) in the case of different loads. As can be seen from the figure, the signals measured at different loads almost overlap on each over. However some changes of the parameters in the zoomed signal can be observed (Fig. 6b) . It can be seen that there are some variations of the amplitude and delay time of different segments of the signal. The signals measured between other two transducers (9 th is the transmitter and 8 th is the receiver) are presented in Fig. 6 . The signals possess a different waveform, however they demonstrate similar general regularities ( 
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related to the load, where the variations of the amplitude and the delay time can be observed also. Identification of different propagating modes in the recorded signal is complicated task. Reliably only the fastest S 0 mode of Lamb waves with the group velocity about 3400-3500m/s can be identified. In order to determine the velocity more accurately the detailed analysis is needed. Identification of other modes is more complicated because the signals of these modes are mixed with different reflections of the S 0 mode. However the main objectives of the analysis of load experiments is not to identify modes, but to determine if some changes of the signal parameters related to the load exist. In order to determine this relation the variations of the amplitude and the delay time were analyzed more detailed.
Analysis of the amplitudes of the signals
The measurement of amplitudes of the signals can be assumed to be the easy task. However the key question is: the amplitude of what should be measured? In the signal the different modes and different multiple reflections are present. On the other hand the amplitude not only of the signal itself but also the amplitude of the background noise (the signals between strong reflection) can be measured. Increase of the amplitude of a background noise can be related to appearance of new wave modes caused by the mode reflection on the arising defect. There are not so many investigations which determine the criteria for selection of the most important parts of the signal for analysis. In the preliminary analysis it was decided just to select one of the reflections and to monitor variations of the amplitude in relation to the load. The signal selected for the amplitude analysis is denoted in Fig.5b As can be seen there is a trend of the signal amplitude depending on the load. However there is some trend of the amplitudes measured at zero loads also. It can be not stated that there are some residual changes in the composite which does not disappear after the load is taken off. The small trend can be caused by other phenomena such as changes of temperature, coupling characteristics, slow variations of parameters of the electronic unit and etc. The analysis of amplitudes of another half periods demonstrates that their behavior can be different (Fig.8) .
Some of them possess the analyzed regularity (Fig.8a ) and some of them do not depend on the load (Fig.8b) even in the signal measured between the same transducers. Probably it can be explained that they correspond to different guided wave modes. The measurement of the amplitude of small signals or background noise gives different regularities (Fig.9) . In some cases the strong increase of the amplitude at a high load can be observed, which reduces when the load is taken of. Of course such analysis is time consuming, subjective and non-automated. However it enables to make some conclusions:
• Measurement of the amplitude of the guided wave signal corresponding to different time intervals enables to observe regularities related to the values of the load. However, these dependencies are not strongly expressed at least in the load ranges which were used in the experiments; • The analysis did not reveal the changes of the signal which can be related to the development of the defects or presents of damages related to the load experiments; • The observed regularities of amplitude variations are relatively small and dependent on the time interval in the signal. So, for a reliable nondestructive testing (monitoring) the necessary signal processing algorithms should be developed. 
Analysis of the delay time of the signals
In general the measurements based on the delay time estimation are more accurate comparing to the ones based on the amplitude evaluation. However at first it should be defined what delay time of what and using what technique should be measured.
In the case of guided waves a delay time related to the phase and group velocities can be discussed. The group velocity defines usually a general delay of the burst of the signal which is usually measured using envelope of the signal. The phase velocity is related to the shift of the phase of the signal and cannot be estimated using a single signal. However the objective of this analysis is not to measure the phase velocity, but just to detect possible changes of the phase velocity. In general the phase velocity can be estimated by measurements of the zero-crossing instants in the signal [6] [7] .
The signals presented in Fig.5b were analyzed using zero-crossing techniques. The zero-crossing instant marked by the arrow in Fig.5 was measured and analyzed. This time instant was measured in the case of each load. The obtained results are presented in Fig.11 , in the form of deviation of the zero-crossing instant with respect to the mean value:
where t k are the measured time instancts of the zerocrossing point at different loads, N L =12 is the number of the loads used in the experiment (or number of GW measurement sessions).
A clearly expressed trend can be observed in the presented results. However it seems that it is not dependent on the load but just on time, because the results corresponding to the zero load also fit well into the trend does not depending when the measurements at zero load were performed at the very beginning of the experiment, in the middle of it or at the end. This is a very small variation of the delay time, less than 1µs. The similar trend can be observed in the case of other zero-crossing points in different parts of the signal also (Fig.11) . .6b ) of the signal measured between the 9 th and the 7 th transducers at different loads The trends of different zero-crossing points are slightly different however demonstrates the same character. A more detailed analysis shows that the steepness of this trend a t, μs u(t), a.u. Un slightly increases for the later interval of the signal. There is no clear explanation of this regularity. May be it is caused by a small increase of the temperature in the experiment site during the day. Any changes of the temperature should lead to small variations of the propagation velocity of guided waves and as a consequence to some additional delays of signals. Several conclusions follow from the investigation of delay times:
• The measured variations of the delay time of different reflections in the signal are relatively small and does not reveal any regularities related to the load; • The accurate measurements of the delay time demonstrated that this is very sensitive technique and very different phenomena affecting the composite under investigation can be detected. However, the origin of determined regularities was not identified, there is only assumption that it can be influenced by temperature variations.
Identification of modes and reflections
The regularities analyzed in the previous chapters were not related to the Lamb wave modes or reflections. Such approach have some advantage in the case of monitoring because does not require a deep analysis of the signal including mode identification. On the other hand, much information which is contained in the signals is still not exploited. In this chapter the results of more detailed analysis of the signals are presented.
At first the parameters of generated waves can be verified. A simpler analysis is of the S 0 mode which arrives first. The directivity of the generated S 0 mode can be obtained using the signals generated by the transducers 1 and 3 and received by the transducers 6,11,7,12 and 8 (Fig.12a) . The directivity pattern of the MFC transducers in the case of the S 0 mode and obtained from the experiment data is presented in Fig.12b . The directivity patterns were estimated according to: is the number of transducer pairs used for the directivity pattern estimation.
The directivity pattern was measured only in one quarter and in other quarters were drawn only according to the assumption that directivity of the transducers should be symmetric with respect to both axes.
Using the same signals the group velocity of the S 0 mode can be estimated. It was measured using the signals between the transmitter 1 and the receivers 6,11,7,12,8. Additionally the group velocity was measured across the GFRP plate using transducers 3 and 2. As the result the group velocities were measured along different direction on the GFRP plate. Taking into account the expected symmetry the dependency of the group velocity versus angle was obtained (Fig.13) . The presented results demonstrate anisotropy of the group velocity of S 0 mode where the maximal velocity is along the x and y axis and is equal approximately to 3700m/s. The directions of the slowest group velocity correspond to the angles 45°, 135°, 225°, 315°. In these directions the group velocity approximately is equal to 3150m/s.
The identification of different modes and reflections in the signals is ambiguous task. However using the model developed in Ultrasound Institute [8] it is possible partially to solve it. The identified modes and reflections are shown in Fig.14 and Fig.15 .
Most of reflections correspond to the propagating S 0 mode. The reflections of other modes overlaps with different reflections of S 0 and cannot be observed in the signal as a separate reflection. For example, the direct signal of the A 0 mode coincides with the 3 reflection of the S 0 wave.
Conclusions
The accurate measurement of the parameters of recorded signals demonstrated that more sensible to the load are the amplitudes of the signals, which are correlated to it. The measured delay time of the signal does not reveal correlation to the load; however it was shown that it can be very sensitive to other phenomena influencing composite. The experiments carried out did not reveal any regularity which can be related to the defect development during the load.
As the result of a more detailed analysis, the directivity of the MFC transducer generating the S 0 mode in GFRP plate and anisotropy of the group velocity of the S 0 mode were determined and demonstrated. Also a part of the propagating modes and reflections in the recorded signals were identified.
